SUMMARY The transport and distribution of sodium, potassium, and water were examined in tail arteries of rats treated with deoxycorticosterone acetate (DOCA)-saline for 10 days, a time that marks the earliest onset of a rise of blood pressure in the strain (Wistar) used. The arteries were incubated for more than 20 hours to ensure that any change observed was sufficiently built in so that it could not readily be washed out. Three distinct changes were observed. First, the steady state transmembrane sodium gradient (operationally [NaVfNa],) was increased. Second, the amount of sodium excluded from participation in the sodium gradient, and hence probably bound, was increased. Third, after prolonged potassium depletion, the ouabain-insensitive loss of cell water and sodium that follows the readmittance of potassium was increased. These results suggest that fundamental embedded changes in sodium transport occur well before the blood pressure rises in response to DOCA-saline. (Hypertension 8: 592-599, 1986) KEY WORDS • hypertension deoxycorticosterone acetate sodium cell water vascular smooth muscle S TRUCTURAL changes have long been known to play an important role in the development and perhaps the initiation of the hypertensive process. 1 In general, only the physical aspects of these changes as they determine the geometry and hence the reactivity of the vascular wall have been denned. It is clear, however, that structural changes include the chemical configuration of the cell membrane and the cytoplasm and that, as determinants of ion permeability and distribution, these warrant equal consideration. Such changes should be sufficiently embedded to be discernible in the blood vessel maintained in vitro under artificial conditions. The present study was undertaken to examine this possibility insofar as it affects the transport and distribution of Na in the tail artery taken from rats treated with deoxycorticosterone acetate (DOCA)-saline for 10 days and incubated in various modified physiological salt solutions for 18 to 24 hours before analysis. Received April 16, 1985; accepted January 5, 1986. Materials and Methods Adult male rats of an inbred Wistar strain (Charles River Canada, Montreal, Quebec), weighing 300 g or more were used throughout in batches of 18 or 36 rats for each experiment. These batches were unilaterally nephrectomized under pentobarbitone sodium anesthesia; 3 to 7 days later, half of each batch was set aside as controls and half were injected subcutaneously with 0.5 ml of saline containing 12.5 mg of DOC A as a microcrystalline suspension. A second and third injection of 6.25 mg each were given on Days 4 and 7. Vehicle alone was administered to controls on the same schedule to ensure equal handling. The DOCAtreated rats were given 1 % saline as drinking water so that the effective agonist was the DOCA-saline combination. At the 1% level, saline alone has no significant eifect on blood pressure or on conventional indices of Na transport. 
S TRUCTURAL changes have long been known to
play an important role in the development and perhaps the initiation of the hypertensive process. 1 In general, only the physical aspects of these changes as they determine the geometry and hence the reactivity of the vascular wall have been denned. It is clear, however, that structural changes include the chemical configuration of the cell membrane and the cytoplasm and that, as determinants of ion permeability and distribution, these warrant equal consideration. Such changes should be sufficiently embedded to be discernible in the blood vessel maintained in vitro under artificial conditions. The present study was undertaken to examine this possibility insofar as it affects the transport and distribution of Na in the tail artery taken from rats treated with deoxycorticosterone acetate (DOCA)-saline for 10 days and incubated in various modified physiological salt solutions for 18 to 24 hours before analysis.
Materials and Methods
Adult male rats of an inbred Wistar strain (Charles River Canada, Montreal, Quebec), weighing 300 g or more were used throughout in batches of 18 or 36 rats for each experiment. These batches were unilaterally nephrectomized under pentobarbitone sodium anesthesia; 3 to 7 days later, half of each batch was set aside as controls and half were injected subcutaneously with 0.5 ml of saline containing 12.5 mg of DOC A as a microcrystalline suspension. A second and third injection of 6.25 mg each were given on Days 4 and 7. Vehicle alone was administered to controls on the same schedule to ensure equal handling. The DOCAtreated rats were given 1 % saline as drinking water so that the effective agonist was the DOCA-saline combination. At the 1% level, saline alone has no significant eifect on blood pressure or on conventional indices of Na transport. 2 At the end of the treatment period, on Day 10, the animals were anesthetized with pentobarbitone sodium (50 mg/kg), administered intraperitoneally, and blood pressure was measured 12 minutes later in the femoral artery with a Statham transducer (Oxnard, CA, USA). Four hours later the animals were reanesthetized with pentobarbitone sodium; 12 minutes later the tail artery was gently excised within less than 30 seconds and cut in half, and each half was immediately placed into an individual test tube of aerated (5% CO 2 , 95% O 2 ) normal physiological salt solution (PSS) at 37 °C for a 2-hour recovery period. Samples were than transferred to K-free PSS for overnight incubation at 10°C to dissipate ionic gradients. This phase was completed on the next morning by transferring the tissues to fresh K-free PSS at 37 °C for 1 hour. These Na-enriched tissues were then incubated in various test media, as will be described for each experiment. At the end of the experimental incubation the tissues were washed for 45 minutes in cold (2°C) Li-substituted PSS (LiPSS) to exchange extracellular Na for Li. They were then blotted and transferred to weighing cups. Wet weights were obtained immediately. Tissues were then dried to constant weight, defatted, extracted for 7 days in 4 ml of 0.75 N nitric acid, and ion contents were determined by atomic absorption analysis. All values are expressed in terms of kilograms of dry weight. Detailed evidence concerning the accuracy and limits of this method has been presented elsewhere.
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The standard media used in this study have been fully described. In brief, the composition of the basic PSS (in mM) is NaCl, 115.0; NaHCO 3 , 25.0; NaH 2 PO 4 , 1.2; KC1, 5.0;CaCl 2 , 1.7;MgSO 4 , 1.2; and D-glucose, 11.0. The Na and K contents of this solution were reduced by equiosmolar substitution with sucrose. The final wash to remove Na from extracellular locations was performed with a matched medium in which Na was replaced by Li (LiPSS) or in a K-free version of this (K-free LiPSS). Results are expressed as averages ±SE.
Results
No method of blood pressure measurement in conscious or in anesthetized rats is entirely free of criticism. 5 Since these experiments required defining the onset of the blood pressure rise in this particular rat strain, the method of choice was one that would minimize variability. Preliminary experiments led us to use pentobarbitone sodium (50 mg/kg i.p.) followed by cannulation of the femoral artery and the timed recording of pressure 9 to 11 minutes later. Timing is particularly important since blood pressure rises slowly but progressively after this period. As shown in Figure 1 , blood pressure was only marginally elevated on the 10th day of DOCA-saline treatment in this rat strain and most animals were as yet unaffected. Nor, as shown in a separate experimental series, was any rise in pressure observed before this time (Table 1) . We concluded that any changes in Na transport or distribution sufficiently built into the vascular smooth muscle cell to be observable after prolonged incubation of arteries excised on the 10th day of treatment could not be caused by an antecedent pressure rise. Cell Na has been shown to consist of two major components, one of which is apparently free in cell water since it varies directly with the extracellular Na concentration of the medium, [Na] 0 , while the other does not. 6 These components can be quantified by measuring Na; (i.e., total cell Na) in tissues incubated at three or more levels of [Na] 0 . Thus, after the standard overnight procedure for dissipating transmembrane Na and K gradients, arteries in groups of 12 were allowed to recover at 37 °C at one of three levels of The slope relating Nai to [Na] 0 was significantly flattened by DOCA-saline. The intercept indicates that the amount of Na excluded from participation in the 24 transmembrane Na gradient, presumably by binding within the cytosol, was also increased at this time.
Cell water, V t , can be derived by subtracting the estimated Li space from the measured total tissue water. The values for cell water calculated in this way are not absolute but are close to those obtained when sorbitol is used as a yardstick to measure the free extracellular volume, and small changes of greater than 6% can be readily appreciated. Figure 3 .
The ratio representing the relation of [Na] o to [Na], (i.e., the transmembrane Na gradient) was significantly increased by DOCA-saline treatment. Since this effect is the same as that produced by aldosterone in vitro, it is consistent with a direct response to mineralocorticoid and indicates that Na transport activity is enhanced relative to the rate of inward Na leak. 7 At least two components of transport governing the efflux of Na can be operationally defined; one is readily blocked by ouabain, although rat tissues seem to require relatively high concentrations (1 mM is conventional), and the other is quite insensitive to ouabain, even at 2 mM. 8 This definition makes no claim about the nature of these transport mechanisms.
Two separate experiments were performed to examine these components using tissues in which the transmembrane Na and K gradients were first dissipated overnight by the standard procedure described in Methods. In both experiments, on completion of this phase at 37 °C, the tissues were transferred to fresh K-free PSS to which 1 mM ouabain was added for an additional hour. In the first experiment, three groups of tissues then were transferred to normal PSS in the continuing presence of ouabain and analyzed after 30, 60, or 90 minutes, while one group remained in K-free PSS with ouabain for 90 minutes to serve as control. The second experiment was essentially a continuation of the first. Tissues were prepared by incubation in the same way as described above right through the last stage of incubation in PSS-ouabain at 37 °C for 90 minutes; three groups of tissues then were transferred to normal PSS and taken for analysis after 30, 60, or 90 minutes, while one group remained in PSS with ouabain for 90 minutes to serve as control. The results of these experiments are shown in Figures 4 and 5 .
Two components of Na efflux, insensitive and sensitive to ouabain, were readily defined in tissues from control and treated animals. In the case of the ouabaininsensitive component the data suggested that, at equilibrium, the exchange of Na for K might have been increased in the DOCA-saline group. Since the uptake of K had reached a steady state at 90 minutes and control tissues incubated for the same duration in the absence of K were available, a detailed quantitative analysis of the Na-K exchange for this period was possible. The results of this analysis are presented in Table 2 .
In the control group the readmittance of K was associated with a significant reduction in cell water, V,. If the reuptake of cell K is considered to be fully distributed in the free cell volume, the change in [ to about 20 mM and E K about 35 mV. This tallies closely with our values for E m , which ranged from -30 to -35 mV in such tissues, and suggests that K is distributed passively in accord with Donnan and electrical forces. The corresponding loss of cell Na calculated similarly indicates that it leaves the cell in association with water at a concentration of 133 mM. This value is also sufficiently close to the incubation value of 141 mM to indicate a passive ionic redistribution. These results suggest that vascular tissue at equilibrium in K-free PSS responds to the readmittance of K in the presence of ouabain by a passive redistribution of Na and K associated with a reduction of cell volume.
A similar passive exchange process was evident in the DOCA-treated group, but here evidence from three independently measured parameters indicates that it was significantly increased. First, total tissue water, V t , which was not changed by the readmittance of K in the controls, decreased significantly in the treated group. Second, the significant decrease of cell water, V, (which depends on the distribution volume of Li) observed in controls was almost doubled in the treated group. Third, while a loss of Na in exchange for K was apparent but not significant in controls, it was significant in the treated group. These results indicate that the role of K in regulating cell volume is enhanced by treatment with DOCA-saline.
The data for the ouabain-sensitive component, indicative of transport by the Na + ,K + -ATPase, were similar in both groups, except at 60 minutes when K uptake was significantly increased in the treated group. The experiment provided too few data points to permit a precise interpretation of this observation.
Discussion
Before discussing these observations it is appropriate to consider the accuracy of the ion exchange methods used here in comparison with recent findings obtained with electron probe microanalysis. 9 The ion exchange method is based on the essentially passive distribution of Li and its close steric relation to Na. 10 This method has permitted the separation of cell Na into free and constrained components and yielded values for [Na], ranging from 10 to 15 mM. 6 These values agree well with estimates based on isotope flux studies -0.2O3*t -0.244*'t Values are means ± SE. Tissues were incubated for 18 hours in K-free physiological salt solution to which 1 mM ouabain was added for a further 1 hour. They were then transferred either to unchanged fresh medium or to a similar medium containing 5 mM K for an additional 90 minutes at 37 °C. PSS = physiological salt solution; K, = total tissue K; V, = total tissue water; V; = cell water. The electron probe microanalysis observations differ in three important respects. First, the values derived for [Na], were three to four times higher, even with maximal allowance for cell water. 9 Second, [Na], did not increase with stretch as observed with chemical and electrochemical methods." Third, a variable amount of Na appeared to be removed from cells by a 2°C wash with Li-substituted medium. This latter finding raises the interesting possibility that the interior of the vascular smooth muscle cell, defined morphologically, is in more intimate contact with the extracellular medium than hitherto recognized and in this way is more like skeletal muscle. Recent observations concerning the extensive infolding of its membrane demonstrated by computerized serial reconstructions make this a likely possibility. 13 It is now generally accepted that aldosterone, the model mineralocorticoid, stimulates Na transport in a variety of tissues.
14 This stimulation is due in part to the synthesis of new aldosterone-induced protein, which includes the transport Na + ,K + -ATPase itself, and in part to an apparent increase in the activity of the enzyme. 15 Vascular smooth muscle recently has been shown to contain appropriate receptors for aldosterone, and its effects are demonstrable in terms of enzyme activity as well as of ion distribution. DOCA is the mineralocorticoid commonly used for the study of the relation of ion transport to hypertension, although aldosterone has been shown to be more effective, as both a mineralocorticoid and a hypertensinogenic agent. 18 The use of DOCA has historical roots, since it has long been known to raise blood pressure under well-defined conditions in many species and to be readily and cheaply procurable. Like aldosterone, DOCA must be administered chronically, and days, if not weeks, must elapse before the blood pressure rises. One obvious reason for the delay is that it takes time for structural changes to develop sufficiently to affect blood pressure. Such structural changes must be considered both statically as they affect vascular geometry and dynamically as they affect the complex functions of the cell. Electron microscopic studies have shown that morphological changes occur as early as 4 days after the start of DOCA treatment, and considerable progress has been made in studying the evolution of these changes.
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The present experiments studied structural changes, operationally defined as fixed changes in the chemical composition of the cytoplasm and cell membrane, in terms of their influence on the transmembrane steady state distribution of Na, K, and water. The 10-day treatment was chosen because that time marks the onset of the pressure rise in this particular rat strain. The experiments were performed with arteries incubated for more than 20 hours to satisfy the criterion that the change be built in at least to the extent that it cannot readily be washed out. This long incubation and a short, 3-hour incubation have been shown to yield similar values for the transmembrane distribution of Na and K. conditions in fresh arteries, which are under pressure. When rapidly excised (even with ice packs), fresh arteries normally have a higher cell Na content than incubated vessels, indicating that the inward leak of Na relative to its extrusion is increased by stretch. 23 ' M An increase in permeability above this base has been measured in such vessels, and this increase evidently dominates the steady state sufficiently to result in an increase in [Na]|. 2M This difference between fresh and incubated arteries probably underlies the conflicting reports concerning whether cell Na is or is not increased in established salt-dependent hypertension. In both fresh and incubated vessels, enhanced Na transport out of the cell is demonstrable.
2I -n -M Since this mechanism is evidently built into the cell, either new pump material has been synthesized or the steroid has become inextricably incorporated into the lipoprotein structure of the membrane and modified its permeability. These conclusions are not mutually exclusive and do not exclude other explanations.
Second, these experiments showed that the amount of Na constrained within the cell is increased at least as early as after 10 days of DOCA-saline treatment. This Na is presumably bound as counterions to newly synthesized glycosaminoglycans, some of which remain within the cell and some of which are extruded as new paracellular matrix. This finding is consistent with the histological evidence of such a change as early as after 4 days of DOCA treatment and with the functional evidence that the ion-binding capacity of blood vessels is markedly increased in established DOCA-salt hypertension. 1927 We did not observe this change in an earlier, similar study involving 3 weeks of DOCAsaline treatment in another Wistar strain (Woodlyn), perhaps because our methods were less precise at that time. 22 Third, and perhaps most interesting, we observed a distinct enhancement of the ouabain-insensitive component of Na transport (see Table 2 ). This ouabaininsensitive extrusion of Na is of considerable interest in itself. In large measure it involves an exchange of Na for K, but most importantly, Na appears to move with water. Although this finding suggests an isosmotic movement as NaCI, 28 it was first observed with ion-specific electrodes as changes in Na and K in a perfusing medium. 8 Regardless of the mechanisms responsible, the regulation of cell volume clearly is involved, and for this reason we have initiated detailed studies of this phenomenon.
How do these findings relate to the initiation of a hypertensive state? First, the basic elements concerning the changes in Na transport induced by DOCA (i.e., increased permeability and enhanced transport) appear to be in place before the blood pressure rises. Jones and Hart 2 suggested this in the kinetic terms of K turnover; we showed it here in terms of ion binding and steady state ion gradients. Thus, these changes cannot be caused by the hypertension, although they may be aggravated by it. Conversely, the changes cannot in themselves be responsible for the rise in pressure, or the pressure would rise earlier than it does. We must therefore accept as one possibility that changes in Na transport constitute an interesting group of phenomena produced by mineralocorticoids in association with, but not causally related to, the ensuing hypertension. If, on the other hand, we suppose that enhanced Na transport plays a causal role, we are currently unable to select single features such as cell Na, or K, or their transmembrane gradients nor can we neglect the regulation of cell volume; all are affected before pressure rises.
We can, however, safely adopt the middle ground that we proposed in an earlier study. 26 Thus, we suggest that the process begins with increased inward permeability to Na coupled with its enhanced outward transport. We need not choose between these as the one may cause the other and for practical purposes they occur simultaneously. This suggestion is based on two observations: 1) a transmembrane redistribution of Na and K consistent with increased permeability to Na is observable within 6 hours after the administration of DOCA-saline 29 and 2) aldosterone directly increases Na permeability in the incubated rat tail artery. 30 This sets in train an enhancement of protein synthetic activity, either as a direct action of the mineralocorticoid on nuclear DNA or as the indirect consequence of the increased presentation of Na to or suppression of the transport enzyme. 31 More protein is synthesized for transport, more for intrinsic cell functions, and more for export as paracellular matrix. These increases alter the geometry of the vascular wall as well as the functions of the vascular smooth muscle cell, such as those observed in the present experiments. Blood pressure rises when the sum of these changes alters the blood vessel and its reactivity sufficiently to increase peripheral vascular resistance.
